Bioprosthetic heart valves (BHVs) are widely used to treat heart valve disease. BHV leaflets are fabricated from glutaraldehyde crosslinked heterografts---predominantly bovine pericardium (BP) or porcine aortic valves. BHV are preferred over mechanical valves due to their technical versatility, adaptability to transcatheter valvular approaches, and freedom from lifelong anticoagulation therapy ([@bib1], [@bib2], [@bib3]). However, BHVs are limited by degeneration of leaflet tissue matrix, termed "structural valve degeneration" (SVD). SVD, whose definition has recently been standardized ([@bib3]), constitutes pathological modification of valve leaflets ultimately compromising biomechanical function. SVD occurs in all BHV recipients and is exacerbated in certain subpopulations, including patients with diabetes ([@bib4]) and younger patients ([@bib5],[@bib6]). BHV lifespans are limited by SVD ([@bib3],[@bib7]) to an average of between 10 and 15 years. This process is driven by cellular, biochemical, and biomechanical mechanisms arising from valve properties, patient characteristics, and the interactions between them. Calcification is observed in the majority of SVD cases; however, approximately 30% of SVD cases are not associated with significant calcification ([@bib8],[@bib9]). Further, observation suggests that calcification might be associated with SVD without necessarily being functionally causative ([@bib8]). Several noncalcific mechanisms have been proposed to contribute to SVD, including inflammatory oxidation, tissue thickening, and collagen network degeneration ([@bib7],[@bib10]); however, technologies to address known mechanisms thus far have not significantly improved valve durability, suggesting that additional key mechanisms remain unidentified ([@bib6]).

Glycation is a complex constellation of nonenzymatic biochemical reactions involving the adduction of sugar-derived moieties to protein nucleophilic groups. Glycation may involve biologically significant intermediates, such as Amadori products, and culminates in the formation of biologically irreversible advanced glycation end products (AGEs) ([@bib11], [@bib12], [@bib13]). Glycation strongly contributes to structural and functional degeneration in various native tissues and diseases via 2 major avenues: 1) direct modification of extracellular matrix proteins via crosslinking and modification of protein interactions; and 2) modulation of cell phenotypes and instigation of inflammation via glycation product-mediated receptor signaling ([@bib14],[@bib15]). Glycation elicits degeneration of collagenous native tissues via crosslinking and resultant disruption of collagen networks ([@bib16], [@bib17], [@bib18]); yet, it has not been considered in the pathophysiology of BHV leaflets, for which collagen type I is the majority component ([@bib19],[@bib20]). BHV lack living native cells or a functional surface barrier. Glycation in this context is likely to occur primarily via infiltration from the surrounding blood of: 1) glycation precursors that modify the extracellular matrix structure directly; 2) pre-glycated proteins that deposit in BHVs; and 3) nonglycated proteins that are glycated in situ by infiltrated precursors. Therefore, we hypothesized that glycation and infiltration by human serum albumin (HSA), the most abundant and glycation-susceptible circulating protein ([@bib21],[@bib22]), synergistically contribute to BHV SVD.

Methods {#sec1}
=======

Patient population {#sec1.1}
------------------

In order to establish clinical relevance for glycation and albumin infiltration in BHV, 45 patients with BHV aortic valve replacements requiring reoperation and BHV explantation were studied ([Supplemental Table 1](#appsec1){ref-type="sec"}). Endocarditis was excluded. At initial operation, 25 patients (55.6%) underwent valve replacement only, 6 (13.3%) underwent valve replacement with aortic root replacement, 2 (4.4%) underwent valve replacement with ascending aorta repair, 2 (4.4%) underwent valve replacement concomitantly with coronary artery bypass grafting, and 10 (22.2%) underwent aortic valve replacement concomitantly with mitral valve repair. BHV durations ranged from 3.5 to 14.8 years (mean duration 8.6 ± 0.4 years). Echocardiography preceding reoperation demonstrated BHV aortic insufficiency in 33 patients (73.3%) and BHV aortic stenosis in 37 patients (82.2%). Comorbidities included aortic dilatation (26.7%), diabetes (17.8%), coronary artery disease (40.0%), hyperlipidemia (46.7%), hypertension (73.3%), smoking (33.3%), and bicuspid aortic valve (42.2%). Nearly one-half of patients (44.4%) had been treated with statins.

In vitro glycation/serum albumin exposure {#sec1.2}
-----------------------------------------

In order to model glycation and albumin infiltration in BHV tissue in vitro, 8-mm biopsy punches of BP were incubated in phosphate-buffered saline (PBS) (Corning, Corning, New York), PBS + 5% clinical-grade HSA (from stock 25% HSA, Octapharma via NOVA Biologics, Oceanside, California), PBS + 50 mmol/l glyoxal (from stock 88 mol/l glyoxal, Sigma-Aldrich, St. Louis, Missouri), or PBS + 50 mmol/l glyoxal + 5% serum albumin for 24 h, 2 weeks, or 4 weeks at 37°C.

Rat subcutaneous model {#sec1.3}
----------------------

In order to model glycation and albumin infiltration in BHV tissue in vivo, 8- to 10-mm discs of BP were subcutaneously implanted in 3-week-old Sprague-Dawley rats (n = 26; Charles River Laboratories, Wilmington, Massachusetts), with adherence to an approved protocol (AAAR6796). Each animal received 1 implant per subcutaneous pocket, with 4 to 6 implants per animal. Blood was drawn at the time of animal sacrifice via cardiac puncture and collected in EDTA blood tubes, after which it was immediately centrifuged at 4°C and 1,000 relative centrifugal force for 15 min. Plasma was aliquoted and stored at −80°C.

Pulse duplication {#sec1.4}
-----------------

In order to evaluate the functional effects of glycation and concomitant albumin infiltration in BHV, hydrodynamic pulsatile functionality of BHV was tested on a commercial, ISO 5840-compliant pulse duplicator (HDTi-6000, BDC Laboratories, Wheat Ridge, Colorado) with a PD-1100 pulsatile pump (BDC Laboratories). The flow, pulse rate, and driving waveform shape were controlled through Statys software (version 1.2) (BDC Laboratories). The pressure was adjusted via the Systemic Mean Pressure Control knob. Detailed experiment setup and calculation of all relevant parameters are described in the [Supplemental Appendix](#appsec1){ref-type="sec"}.

Results {#sec2}
=======

Calcification, collagen malalignment, glycation, and HSA infiltration in explanted BHV are associated with SVD {#sec2.1}
--------------------------------------------------------------------------------------------------------------

With institutional review board approval (AAAR6796 \[Columbia University\] and 809349 \[University of Pennsylvania\]), surgical aortic valve replacement (SAVR) bioprosthetic explants were retrieved for this study (n = 45) from patients ranging in age from 34 to 86 years at the time of reoperation (mean 65.0 ± 13.6 years) ([Supplemental Table 1](#appsec1){ref-type="sec"}, [Supplemental Methods](#appsec1){ref-type="sec"}). A transcatheter aortic valve replacement (TAVR) bioprosthesis was also obtained and analyzed.

Calcification results ([Supplemental Figure 1](#appsec1){ref-type="sec"}) showed an average leaflet calcification of 126 μg of calcium/mg of leaflet mass (SD = 107 μg/mg). Thirteen valves exhibited nearly no calcification (\<10 μg/mg), 6 valves had intermediate calcification (between 10 and 100 μg/mg), and 26 valves had high calcification (\>100 μg/mg). Unimplanted BHV were characterized with second-harmonic generation (SHG) microscopy, which demonstrated organized alignment of collagen fiber bundles ([Figures 1A and 1B](#fig1){ref-type="fig"}). Representative micro-computed tomography and SHG images of explanted BHVs with various degrees of calcification are shown in [Figures 1C and 1D](#fig1){ref-type="fig"}. All explanted leaflets, regardless of calcification, showed disruption of collagen alignment by SHG ([Figure 1E](#fig1){ref-type="fig"}) compared with unimplanted BHVs ([Figure 1B](#fig1){ref-type="fig"}).Figure 1Glycation and HSA Infiltration in Clinical SVD**(A)** Visuals of unimplanted surgical (Edwards PERIMOUNT, **top**) and transcatheter (Edwards SAPIEN XT \[Edwards Lifesciences\], **bottom**) BHV. **(B)** SHG image of unimplanted BHV tissue (scale = 100 μm). **(C)** Visuals of failed clinical surgical aortic valve replacement **(top and middle)** and transcatheter aortic valve replacement **(bottom)** valves. **(D)** Micro-computed tomography scans and **(E)** SHG images of calcified **(top row)** and noncalcified **(middle and bottom rows)** failed BHV (scale = 100 μm). **(F)** IHC for generalized AGE, CML, and glucosepane in 2 representative failed clinical BHV alongside unimplanted BHV tissue for both bovine pericardium and porcine aortic valve BHV (scale = 100 μm). **(G)** IHC for HSA on the same samples as **F**. AGE = advanced glycation end product; BHV = bioprosthetic heart valve; CML = *N*-carboxymethyl-lysine; HSA = human serum albumin; IHC = immunohistochemistry; SHG = second harmonic generation; SVD = structural valve degeneration.

Clinical explants and unimplanted BHV biomaterials (glutaraldehyde-fixed BP and porcine aortic valve) were analyzed by immunohistochemistry (IHC) for generalized AGE, the AGE receptor ligand *N*-carboxymethyl-lysine (CML) ([@bib23],[@bib24]), the AGE crosslink glucosepane ([@bib25],[@bib26]), and HSA ([Figures 1F and 1G](#fig1){ref-type="fig"}). Each of the 45 SAVR explants exhibited significant IHC staining for glycation products ([Figure 1F](#fig1){ref-type="fig"}) and HSA ([Figure 1G](#fig1){ref-type="fig"}) compared with unimplanted BHVs. IHC mean scores for all 45 explants are shown in [Supplemental Figure 1A](#appsec1){ref-type="sec"}. Statistical analysis revealed no relationship of staining intensities to either calcification or the clinical determinants shown, such as diabetes mellitus ([Supplemental Figure 1B](#appsec1){ref-type="sec"}). Collagen malalignment per SHG and positive AGE, CML, HSA, and glucosepane immunostaining were also noted for the TAVR explant ([Supplemental Figure 1C](#appsec1){ref-type="sec"}). In BHV explants fabricated from BP, we observed uniform IHC staining for AGE throughout the tissue, whereas in BHV explants made from porcine aortic valve, IHC exhibited nonuniform staining with significant overlap among glycation products and HSA staining patterns ([Figures 1F and 1G](#fig1){ref-type="fig"} and [Supplemental Figures 1D and 1E](#appsec1){ref-type="sec"}).

In vitro model of BHV interactions with glyoxal and has {#sec2.2}
-------------------------------------------------------

To investigate the functional mechanisms of glycation and serum protein infiltration, an in vitro model using BP, 50 mmol/l glyoxal as a glycation precursor ([@bib12]), and a physiological concentration (5% w/v) of clinical-grade serum albumin was designed. IHC on BP following 24 hours of incubation demonstrated glyoxal-generated CML staining and infiltration of HSA uniformly throughout the tissue ([Figure 2A](#fig2){ref-type="fig"}). Coincubation with glyoxal and HSA yielded increased CML staining compared with glyoxal alone ([Figure 2A](#fig2){ref-type="fig"}). ^14^C-glyoxal was used in order to measure the glycation capacity of BP. In a 28-day study, approximately 50% of the incorporated radioactivity seen at 28 days accumulated within the first 24 h ([Figure 2B](#fig2){ref-type="fig"}). In coincubation, ^14^C-glyoxal incorporation in BP in the presence of HSA was significantly less than without HSA ([Figure 2B](#fig2){ref-type="fig"}); however, this diminishment was expected as a result of inherent competition with the solid BP tissue by dissolved human-serum albumin for reaction with glyoxal. Tissue pre-incubated with HSA before incubation in glyoxal alone results in ^14^C-glyoxal incorporation comparable to the glyoxal-only condition without correction for any tissue mass increase caused by albumin incorporation. We then sought to visualize whether glycation and HSA infiltration affect the collagen microstructure of BP in vitro. In SHG images, BP samples exposed to either glyoxal or HSA for 28 days demonstrated collagen fiber bundle malalignment and relaxing of crimp compared with BP exposed to PBS. This effect was exacerbated in the presence of both glyoxal and HSA ([Figures 2C and 2D](#fig2){ref-type="fig"}) and comparable with SHG observations of clinical BHV ([Figure 1E](#fig1){ref-type="fig"}). To visualize HSA infiltration at the macromolecular level, transmission electron microscopy was performed. Electron micrographs ([Figure 2E](#fig2){ref-type="fig"}) showed longitudinal and cross-sectional views of collagen fibers from individual fiber bundles. BP incubated in 5% HSA with or without glyoxal exhibited an increase in interfibrillar particulates, whereas incubation with glyoxal alone did not. In addition, interfibrillar particulates appear closely associated with collagen fiber surfaces and demonstrate noncollagen fibrous aggregates in BP coincubated with glyoxal.Figure 2In Vitro Modeling of BHV Interactions With Glyoxal and HSA**(A)** IHC for CML and HSA in cross sections of BP incubated with glyoxal and/or HSA for 24 h at 37°C (scale = 100 μm). **(B)** Line plot of ^14^C-glyoxal uptake by BP. **(C)** SHG imaging of BP (scale = 100 μm). **(D)** Quantifications of collagen fiber alignment coefficient **(top)** and collagen crimp period **(bottom)** in **C**. Statistical relationships were analyzed by 1-way analysis of variance with Dunnett correction for multiplicity. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001 for the comparisons indicated by associated brackets. Only statistically significant (p \< 0.05) differences are indicated. **(E)** Transmission electron micrographs of longitudinal **(top row)** and cross-sectional **(bottom row)** views of collagen fibers in BP. BP = bovine pericardium; PBS = phosphate-buffered saline; other abbreviations as in [Figure 1](#fig1){ref-type="fig"}.

Rat subcutaneous explants and circulating biomarkers reveal age-dependent calcification and glycation of BP {#sec2.3}
-----------------------------------------------------------------------------------------------------------

An established rat subcutaneous implantation model ([Supplemental Figure 2A](#appsec1){ref-type="sec"}) of BHV calcification was used to investigate glycation in vivo and the impact of animal age in calcification and AGE-mediated SVD ([@bib27]). Juvenile (3-week-old) and adult (8-month-old) rats received subcutaneous BP implants for either 7 or 30 days. Alizarin red staining ([Figure 3A](#fig3){ref-type="fig"}) revealed accumulation of calcium deposits within the explants in juvenile animals, which were more extensive in 30-day compared with 7-day explants. No calcification was detectable in adult animals, supporting the clinical observation of age-dependent calcification of BP in vivo ([@bib28],[@bib29]). Quantification of calcium content in BP explants validated this observed increase in calcium accumulation in 30-day (160 ± 21.2 μg/mg) from 7-day explants (31.9 ± 6.8 μg/mg), both of which demonstrated greater calcium content compared with unimplanted BP (0.36 ± 0.06 μg/mg; p \< 0.001) and to explants from adult animals ([Figure 3B](#fig3){ref-type="fig"}). Established circulating markers of calcification (PO^4−^ \[3.0 ± 0.19 μmol/ml vs. 2.4 ± 0.12 μmol/ml; p = 0.028\]; alkaline phosphatase (ALP) \[9.2 ± 1.5 mU/ml vs. 0.30 ± 0.13 mU/ml; p = 0.004\]; and osteopontin (OPN) (33.9 ± 3.5 ng/ml vs. 9.3 ± 0.93 ng/ml; p \< 0.001\]) were also elevated in the plasma of juvenile rats when compared with adult animals ([Figure 3C](#fig3){ref-type="fig"}). SHG analysis of the rat explants ([Figure 3D](#fig3){ref-type="fig"}) revealed collagen network disruption in cross sections of both 7- and 30-day BP explants. The alignment coefficients of BP explants were significantly higher in juvenile than in adult animals (0.67 ± 0.02 vs. 0.43 ± 0.02; p \< 0.001) ([Figure 3E](#fig3){ref-type="fig"}). In juvenile rats, the 30-day explants demonstrated a higher crimp distance compared with unimplanted BP (28.7 ± 0.40 μm vs. 25.2 ± 0.45 μm; p \< 0.001), indicating the loss of characteristic collagen crimping. Overall, these results indicate progressive and age-dependent glycation and concomitant structural disruption of collagen alignment in BP tissue in the rat model. IHC ([Figure 3F](#fig3){ref-type="fig"}) revealed diffuse CML accumulation within both the 7- and 30-day BP explants that was more prominent in the juvenile animals. Plasma concentrations ([Figure 3G](#fig3){ref-type="fig"}) of soluble receptor for AGE (sRAGE) (3.7 ± 0.47 ng/ml vs. 1.7 ± 0.30 ng/ml; p = 0.007), methylglyoxal (3.9 ± 0.88 nmol/l vs. 1.3 ± 0.34 nmol/l; p = 0.020), and methylglyoxal protein adducts (6.8 ± 0.76 μg/ml vs. 1.3 ± 0.19 μg/ml; p \< 0.001) were all increased in the juvenile rats compared with the adult cohort. IHC using an anti-HSA antibody ([Figure 3H](#fig3){ref-type="fig"}) that cross-reacts with rat albumin also indicated infiltration of albumin throughout the BP tissue by 7 days, with enhanced accumulation after 30 days. In contrast to all other plasma marker analyses, the plasma concentration of glycated albumin ([Figure 3I](#fig3){ref-type="fig"}) was lower in the juvenile rats (325 ± 45.3 pmol/ml) compared with the adult cohort (539 ± 35.4 pmol/ml; p = 0.006). IHC also revealed diffuse staining for OPN ([Supplemental Figure 2B](#appsec1){ref-type="sec"}) and AGE ([Supplemental Figure 2C](#appsec1){ref-type="sec"}) in both 7- and 30-day implants, which was more pronounced in the juvenile animals. IHC for RAGE ([Supplemental Figure 2D](#appsec1){ref-type="sec"}) demonstrated positive staining at the surface of 7- and 30-day explants from both juvenile and adult rats. IHC studies did not detect the presence of glucosepane in the subcutaneous explants (data not shown).Figure 3BP Rat Subcutaneous Implantation and Plasma Markers in Juvenile and Adult Animals**(A)** Alizarin red staining on BP following 7- or 30-day implantation in 3-week-old and 8-month-old rats. **(B)** Calcium quantification in BP explants from **A**. Statistical analyses performed using 2-tailed Student's *t-*tests. **(C)** Plasma concentrations of PO~4~, ALP, and osteopontin in host rats. Statistical analyses were performed using 2-tailed Student's *t-*tests. **(D)** SHG imaging of unimplanted and implanted as in **A** (scale = 100 μm). **(E)** Quantification of collagen alignment coefficients and crimp periods in **D**. Statistical relationships were analyzed by 1-way analysis of variance with Dunnett correction for multiplicity. **(F)** IHC for CML in BP following implantation as in **A**. **(G)** Plasma concentrations of sRAGE, methylglyoxal, and methylglyoxal-derived protein adducts in host rats. Statistical analyses were performed using 2-tailed Student's *t-*tests. **(H)** IHC for serum albumin in BP following implantation as in **A**. **(I)** Plasma concentration of glycated serum albumin in host rats. Statistical significance of comparisons was analyzed by 2-tailed Student's *t-*test. Lower magnification scale = 500 μm, higher magnification scale = 100 μm for **A**, **F**, and **H**. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001 for the comparisons indicated by associated brackets. Only statistically significant (p \< 0.05) differences are indicated. ALP = alkaline phosphatase; other abbreviations as in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}.

Impact of AGE accumulation on bioprosthetic valve hydrodynamic performance {#sec2.4}
--------------------------------------------------------------------------

To understand the susceptibility of intact BHV leaflets to glycation and HSA infiltration as well as to determine the roles of these mechanisms in degeneration of valve performances, we incubated 3 expired clinical-grade Carpentier-Edwards PERIMOUNT RSR BHVs (Edwards Lifesciences, Irvine, California) in PBS, 50 mmol/l glyoxal in PBS, and 50 mmol/l glyoxal plus 5% HSA in PBS, respectively, at 37°C for 35 days and evaluated their hydrodynamic function under physiological conditions. Hydrodynamic function of the valves was tested at 0, 1, 3, 7, 14, 21, 28, and 35 days of incubation using an ISO standard heart valve pulse duplicator system (test conditions in [Supplemental Appendix](#appsec1){ref-type="sec"}). The baseline (time point "0") values of mean pressure gradient and effective orifice area (EOA) of all 3 valves satisfied the requirements specified in ISO-5840, indicating the expected hydrodynamic performances of SAVR valves used in this study ([Figures 4A to 4C](#fig4){ref-type="fig"}). Both experimental in vitro incubation conditions resulted in a steady decline in EOA ([Figures 4A to 4C](#fig4){ref-type="fig"}) and increases in mean pressure gradient and peak jet velocity over time. Following 35 days of in vitro treatment, the BHV coincubated with glyoxal and HSA demonstrated a 17.5% decrease in EOA, 44.9% increase in mean pressure gradient, and 7.6% increase in peak jet velocity as compared with each of the baseline values. The BHV treated with glyoxal alone showed a 12.3% decrease in EOA, 27.1% increase in mean pressure gradient, and 5.0% increase in peak jet velocity as compared with its baseline values ([Figures 4A to 4C](#fig4){ref-type="fig"}). By comparison, the BHV incubated in PBS alone exhibited 4.6%, 15.9%, and 2.0% changes in these 3 parameters, respectively ([Figures 4A to 4C](#fig4){ref-type="fig"} and [Supplemental Figure 3](#appsec1){ref-type="sec"}, [Supplemental Table 2](#appsec1){ref-type="sec"}). Energy loss during each cycle was not significantly changed after 35-day PBS incubation ([Figure 4D](#fig4){ref-type="fig"}); however, glyoxal and HSA coincubation resulted in significantly worsened energy loss after 35 days (17.5 ± 0.23 J \[baseline\] vs. 30.6 ± 0.35 J \[day 35\]; p \< 0.001) ([Figure 4D](#fig4){ref-type="fig"}). SHG imaging ([Figure 4E](#fig4){ref-type="fig"}) and analysis ([Figures 4F and 4G](#fig4){ref-type="fig"}) of valve leaflets after 35 days of treatments revealed collagen malalignment and the relaxation of collagen crimp following coincubated with glyoxal and HSA as compared with PBS or glyoxal. Similar to BP glycated in vitro, leaflet tissue of the valve treated with glyoxal alone was positively stained for CML, whereas the valve coincubated in glyoxal and HSA demonstrated leaflet accumulation of CML and HSA ([Figures 4H and 4I](#fig4){ref-type="fig"}). We investigated the significance of glycation and concomitant HSA infiltration to TAVR functionality using an in-house fabricated TAVR valve ([Supplemental Figure 4A](#appsec1){ref-type="sec"}). Valve fabrication is described in the [Supplemental Appendix](#appsec1){ref-type="sec"}. Similar to the observations in SAVR valves, TAVR valve also demonstrated collagen malalignment, decline in EOA, and increases in mean pressure gradient, peak jet velocity, and energy loss ([Supplemental Figures 4B to 4G](#appsec1){ref-type="sec"}, [Supplemental Table 2](#appsec1){ref-type="sec"}) as a result of coincubation with glyoxal and HSA. IHC assessments of HSA, AGE, and CML in our fabricated TAVR valve ([Supplemental Figure 4C](#appsec1){ref-type="sec"}) showed similar results to those in clinical explants as well as our in vitro and in vivo studies.Figure 4Impact of Glycation and HSA on BHV Hydrodynamic Functions**(A to C)** Linear plots of percent changes in hydrodynamic function parameters: EOA **(A)**; mean pressure gradient **(B)**; peak aortic jet velocity **(C)** for 3 SAVR valves evaluated by pulse duplication during 35-day in vitro incubation. Statistical analyses were performed using 2-way analysis of variance (ANOVA) with Bonferroni correction to compare p values to α/3. False discovery rate control was used to account for multiplicity. **(D)** Energy loss of BHV before and after 35-day incubation. Statistical analysis was performed using 2-tailed Student's *t-*test. **(E)** SHG imaging of BHV after 35-day incubation (scale = 100 μm). **(F)** Collagen fiber alignment coefficients from **E**. Statistical analyses were performed using 1-way ANOVA with Tukey's method. **(G)** Collagen crimp periods from **E**. Statistical analyses were performed using 1-way ANOVA with Tukey's method. **(H and I)** IHC for CML **(H)** and HSA **(I)** in BHV after 35-day incubation (scale = 250 μm). ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001) for the comparisons indicated by associated brackets. Only statistically significant (p \< 0.05) differences are indicated. EOA = effective orifice area; other abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}.

Discussion {#sec3}
==========

Glycation is well-established as a functional mechanism of tissue degeneration in various diseases ([@bib13]), yet this study is the first description of its involvement in the degeneration of BHVs. Similarly, whereas infiltration of circulating proteins on or in clinical ([@bib30], [@bib31], [@bib32]) and in vivo ([@bib33],[@bib34]) BHV tissue has been reported, this work establishes the relevance of serum albumin infiltration as well as interaction between protein infiltration and glycation in affecting BHV hydrodynamic performances. Our study employed a comprehensively translational approach, establishing clinical relevance via explant analyses ([Figure 1](#fig1){ref-type="fig"}), performing mechanistic modeling in vitro ([Figure 2](#fig2){ref-type="fig"}) and in vivo ([Figure 3](#fig3){ref-type="fig"}), and evaluating the functional significance of the mechanisms using a cardiac simulator ([Figure 4](#fig4){ref-type="fig"}).

IHC on 45 clinical explants indicate that accumulations of AGEs and HSA are prevalent in failed BHVs and show collagen malalignment independently of the extent of calcification. The accumulation of AGEs and HSA, together with the general lack of correlation with calcification, valve tissue type, or diabetes, suggest that glycation and albumin infiltration are fundamental mechanisms affecting all implanted BHVs. Although diabetes is logically expected to exacerbate glycation, we may have not been able to discern enhancement of glycation in a subpopulation of our failed valves, due to our IHC results indicating potentially saturated staining in general. Diabetes may instigate earlier achievement of these high levels of glycation. Diabetic patient valves did tend to fail earlier (6.9 ± 2.1 years) than nondiabetic valves (9.0 ± 2.7 years) in our cohort, which skews toward early failures overall (8.6 ± 2.7 years). Our findings provide a mechanistic rationale explaining recent observations that SVD tends to occur earlier and more commonly in diabetic patients ([@bib4]), who had glycation-related pathologies are highly exacerbated. Our results also inform understanding of the complex relationship between atherosclerosis-related changes and calcification in BHV. Atherosclerotic risk factors have been associated with SVD and atherosclerosis-like processes, such as lipid infiltration and inflammatory cell activation, are known to occur in BHV ([@bib3],[@bib7]). Conflicting results have been reported regarding the effects of statin treatment on SVD and BHV calcification ([@bib35], [@bib36], [@bib37]). Calcification has also been related to deposition of calcium-binding proteins in BHV. Although the protein deposition process generally involves endothelial barrier dysfunction and inflammatory cell-mediated events in atherosclerosis, the results reported here for albumin suggest that calcification-related protein deposition in BHV may be an atherosclerosis-unrelated, cell-free diffusive infiltration event. Nonetheless, glycation---particularly via glycated albumin---is also known to play roles in atherosclerosis-related processes via inflammatory cell activation ([@bib11],[@bib13],[@bib14]). It is therefore reasonable to expect that glycation contributes to established inflammatory processes that occur on and in BHV. The experimental paradigms and hypotheses reported here provide a platform for further studies into the complex interactions of these mechanisms and cofactors in BHV SVD, which may explain the underpinnings of SVD in particular patient populations.

We sought to understand the mechanisms of AGE and HSA accumulation in BHVs by a glycation/protein infiltration in vitro model. The observed accumulation of AGEs and HSA throughout BP tissue after only 24 h of in vitro incubation implies that these processes begin impinging on BHV immediately upon implantation. Together, clinical correlation and in vitro assays suggest that HSA incorporation is enabled by glycation and/or that incorporated HSA increases the tissue's capacity for glycation. The former possibility is supported by published data suggesting that glycation crosslinking permanently incorporates infiltrated albumin into solid tissue matrices ([@bib38], [@bib39], [@bib40]). The latter possibility is informed by our clinical ex vivo and in vitro modeling observations, indicating preferential accumulation of glycation products at areas of HSA incorporation in clinical BHV and enhancement of tissue CML accumulation amid diminished overall glycation due to glyoxal exposure by coincubation with HSA. Glycation occurs primarily on lysine and arginine residues, while the majority of BHV tissue lysines are effectively sequestered from glycation by prior reaction with glutaraldehyde. Incorporation of infiltrated proteins, whose residues are generally unmodified, would increase the repository of glycation-susceptible lysines---as well as arginines---in the tissue. These observations suggest that human-derived serum albumin infiltration not only exacerbates accumulation of AGE in BHV, but also modifies the glycation profile toward lysine-directed AGE, which include the most prominent signaling AGE, CML ([@bib14],[@bib23],[@bib24]), and the most abundant crosslinking AGE, glucosepane ([@bib25],[@bib26]). Thus, the mechanistic crosstalk between glycation and HSA coincubation lead to the highest degree of structural alteration by SHG assessment and electron microscopy. Additionally, the incorporation of proteins may inculcate BHV tissue with the properties of those proteins, such as calcium- and lipid-binding as well as high oncotic pressure in the case of HSA.

The rat model is an established method for testing biomaterial proprieties and calcification in vivo. This model resulted in calcium phosphate deposition within the central region of BP tissue (comparable to observations in clinical explants \[[@bib41]\]), rather than on the surface, as noted with in vitro calcium-phosphate incubations ([@bib42]). This system also allows modeling major risk factors for BHV failure, such as patient age. The assessments of both explants and circulating markers indicate a host-age dependence of tissue glycation, suggesting that enhanced glycation as well as calcification could contribute to accelerated SVD in pediatric patients. sRAGE derived from inflammatory cell turnover has been studied as a biomarker for cardiovascular disorders. RAGE is expressed on monocyte cell membranes, and RAGE ligand (such as CML) signaling can initiate monocyte-to-macrophage transition. Inflammatory cell aggregates in BHVs tend to be surface oriented, which is reflected by the hematoxylin counterstain of rat explants. It is possible that AGE formation in BHVs provides the opportunity for RAGE signaling and macrophage deposition to produce reactive oxygen species that result in OxAA formation in BHV, as we demonstrated in both experimental and clinical BHV studies ([@bib8],[@bib43]). The lack of demonstrable glucosepane in the rat explants may be due to short (30-day) implantation times.

Cardiac pulse simulators are required for hydrodynamic performance analysis of prosthetic heart valves under ISO 5840 standard and the U.S. Food and Drug Administration guidance. Thus, we aimed to provide functional evidence that AGE and HSA accumulation weaken hydrodynamic performances of BHVs upon in vitro glycation. EOA, mean pressure gradient, and peak aortic jet velocity, were calculated to assess the hydrodynamic performances of BHV. All 3 parameters are important indicators for the clinical assessment of aortic valve stenosis severity ([@bib44],[@bib45]). All in vitro incubation conditions resulted in a steady decline in EOA and increases in mean pressure gradients and peak jet velocities. These results suggest that the generation of AGEs in BHV significantly alters the biomechanical properties of valve leaflets, potentially causing leaflet stiffening. Additionally, BHV treated with glyoxal alone demonstrated less deterioration of hydrodynamic performances as compared with glyoxal and HSA coincubation. This could be attributed to the fact that HSA provides additional reactive sites for glyoxal and enhances AGE formation. Deterioration of hydrodynamic function in the forms of increased pressure gradients and jet velocities as well as decreased EOA is a definitive feature of the SVD pipeline and its diagnosis ([@bib3],[@bib46]). Together, the ubiquity of glycation product as well as serum albumin accumulation in failed clinical BHV and the demonstration of the sufficiency of glycation and concomitant albumin infiltration to degenerate BHV hemodynamic properties indicate that these synergistic mechanisms may be core elements driving noncalcific SVD in all BHV patients and in diabetic patients in particular ([@bib4]).

Study limitations {#sec3.1}
-----------------

Our clinical series included only aortic valve replacements. Nevertheless, SVD mechanisms are comparable regardless of implant site ([@bib47],[@bib48]). We restricted our study to a small group of representative glycation-related structures. AGE research has identified a myriad of moieties including numerous crosslinks and receptor ligands ([@bib11],[@bib12]). The HSA used in our in vivo studies is a clinical grade, human isolated HSA to closely mimic in vivo albumin conditions. Assessing SVD in rat subcutaneous implants that lack exposure to systemic blood flow may be a critical consideration; however, our data show that HSA permeated throughout the implanted BP as in clinical BHV explants. There are also some limitations on our pulse duplicator assays including: 1) using physiological buffers rather than blood or fluids with viscosity approximating that of blood; and 2) the use of clinical BHVs with expired shelf-life dates, per Food and Drug Administration requirements, that could alter their susceptibility to glycation. However, the baseline hydrodynamic performances met the ISO-5840 standards. It should also be noted that the present studies did not include experiments involving inhibition of glycation, or the use of so-called "AGE-breakers" that have been shown to diminish AGE accumulation experimentally. These studies were not considered because none of the agents previously studied have been shown to be effective in clinical trials, and there are no approved antiglycation agents available for clinical use.

Conclusions {#sec4}
===========

Overall, SVD is a multifactorial process that involves far more than the passive degeneration of leaflet materials. We propose that glycation and protein infiltration result in BHV tissue matrix disruption via multiple mechanisms: 1) reduction of BHV leaflet mechanical compliance due to AGE crosslinking; 2) enabling of the permanent incorporation of infiltrated proteins via AGE crosslinking ([@bib38], [@bib39], [@bib40]); 3) modification of BHV leaflets by AGE and protein incorporation that can alter collagen fiber interactions and resultant force dissipation during biomechanical activity ([@bib16], [@bib17], [@bib18]); and 4) proinflammatory responses to the valve leaflet tissue by signaling to receptors of glycation products, including the receptor for AGE (RAGE) ([@bib14],[@bib15],[@bib24]). Thus, it is concluded that the accumulation of AGE and serum albumin in clinical explants and the impact of glycation on both the collagen fiber microstructure and on the hydrodynamic function of BHVs significantly contribute to SVD. Interactions of these mechanisms with other mechanisms and cofactors involved in SVD are being evaluated and will be reported in subsequent papers.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Advanced glycation end products together with serum protein infiltration are well-established contributors to diabetes and Alzheimer's disease, and many other disorders. The association of this pathophysiology with bioprosthetic heart valve structural degeneration represents a novel disease mechanism that should be recognized and addressed.**TRANSLATIONAL OUTLOOK:** Future clinical studies can identify high risk populations and study interventions to reduce the deleterious impact of advanced glycation end products and serum protein infiltration on bioprosthetic heart valve functionality.
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